By performing density functional theory-based ab-initio calculations, Raman active phonon modes of novel single-layer two-dimensional (2D) materials and the effect of in-plane biaxial strain on the peak frequencies and corresponding activities of the Raman active modes are calculated.
I. INTRODUCTION
The successful synthesis of graphene, 1 opened a new, famous field of research, 2D singlelayer materials. 2D materials have attracted great attention due to their extraordinary electronic, optical, and mechanical properties that suit technological applications such as energy conversion, flexible electronics and information technologies. 2-5 Following graphene, new 2D single-layer structures such as transition-metal dichalcogenides (TMDs) 6-13 monoelemental 2D materials such as silicene, 14, 15 germanene, 15 and group III-V binary compounds (h-BN, h-AlN) [16] [17] [18] [19] [20] were successfully synthesized. In addition to those in-plane isotropic single-layers, 2D materials with in-plane anisotropy such as ReS 2 , 10,21-23 ReSe 2 , 24, 25 and black phosphorus (bp) were also widely studied. [26] [27] [28] The improved production methods, such as chemical vapor deposition and mechanical exfoliation, enable the synthesis of thinner and cleaner structures.
One of the most common technique for the characterization of a material is Raman spectroscopy 29 which crops information about the nature of the material medium entities by monitoring the characteristic vibrational energy levels of the structure. It also provides non-destructive analysis and requires minimum sample preparation. In addition, Raman measurements are also able to provide information about the substrate-free layer-number identification of layered materials, [30] [31] [32] the strength of the interlayer coupling in layered materials, 33 and interface coupling in van der Waals heterostructures. 34, 35 Moreover, relative intensities of the Raman peaks lead to the determination of different-phase distributions in a material.
36-39
Strain can alter electronic and vibrational properties of materials. 40 , 41 Raman peak positions and intensities strongly depend on the presence of strain 42, 43 since it modifies the crystal phonons, with stretching usually resulting in mode softening, and the opposite for compressing. The rate of change is summarized in the Gruneissen parameters which determines the thermomechanical properties. Moreover, strain enhances the Raman spectrum of 2D materials in terms of the Raman intensities. Although, Raman spectroscopy has been widely studied in literature, [44] [45] [46] [47] detailed theoretical investigation of the strain effects on
Raman peaks for 2D materials is still limited. Here, we theoretically investigate the straindependent vibrational properties of several 2D single-layer materials in terms of the peak frequencies and corresponding Raman activities. 
II. COMPUTATIONAL METHODOLOGY
For structural optimization and vibrational properties of considered materials, first principle calculations were performed in the framework of density functional theory (DFT) as implemented in the Vienna ab-initio Simulation Package (VASP). 48, 49 The Perdew-BurkeErnzerhof (PBE) 50 form of generalized gradient approximation (GGA) was adopted to describe electron exchange and correlation. The van der Waals (vdW) correction was included by using the DFT-D2 method of Grimme. 51 The charge transfer between individual atoms was determined by the Bader technique.
52
The kinetic energy cut-off for plane-wave expansion was set to 800 eV and the energy was minimized until its variation in the following steps became 10 −8 eV. The Gaussian smearing method was employed for the total energy calculations and the width of the smearing was chosen as 0.05 eV. Total Hellmann-Feynman forces in the until was reduced to 10 −7 eV/Å for the structural optimization. 18×18×1 Γ centered k -point samplings were used or the primitive unit cells. For 2×2 reconstructed supercell of ReX 2 structures, k -point sampling is reduced to 12×12×1 mesh. To avoid interaction between the adjacent layers, our calculations were implemented with a vacuum space of 25Å.
The vibrational properties of all single-layer crystals were calculated in terms of the offresonant Raman activities of phonon modes at the Γ point. For this purpose, first the vibrational phonon modes at the Γ point were calculated using finite-displacement method as implemented in VASP. Each atom in the primitive unit cell was initially distorted 0.01
A and the corresponding dynamical matrix was constructed. Then, the vibrational modes were determined by a direct diagonalization of the dynamical matrix. The k-point set was increased step by step up to 24×24×1 until the convergence for the frequencies of acoustical modes was reached (0.0 cm −1 for each acoustical mode). Once the accurate phonon mode frequencies were obtained, the change of macroscopic dielectric tensor was calculated with respect to each vibrational mode to get the corresponding Raman activities.
In order to investigate the response of the peak frequencies to the applied biaxial strain for Raman active modes, the rate of change of the peak frequency and the corresponding mode Gruneissen parameter were calculated. The mode Gruneissen parameter at any wave vector, q, can be calculated by the formula;
where a 0 is the relaxed (unstrained) lattice constant, ω 0 (q) is the unstrained phonon frequency at wave vector q, ω + (q) and ω − (q) are the phonon frequencies under tensile and compressive biaxial strain, respectively, and a + − a − is the difference in the lattice constant when the system is under biaxial strain. In the present study, the phonon frequencies are calculated in the q=0 limit, at the Γ.
III. STRAIN-DEPENDENT RAMAN ACTIVITY
Basically in the Raman experiment, the sample is exposed to light and instantly scattered photons are collected. The dispersion of the collected photons with respect to shift in frequency gives the Raman spectrum. In the Raman theory, inelastically scattered photon originates from the oscillating dipoles of the crystal correspond to the Raman active vibrational modes of the crystal. The treatment of Raman intensities is based on Placzek's classical theory of polarizability.
According to the classical Placzek approximation, the activity of a Raman active phonon mode is proportional to |ê s .R.ê i | 2 whereê s andê i stand for the polarization vectors of scattered radiation and incident light, respectively. R is a 3×3 second rank tensor called "Raman tensor" whose elements are the derivatives of polarizability of the material with respect to vibrational normal modes, 
where the Q k is the normal mode describing the whole motion of individual atoms participating to the k th vibrational mode and α ij is the polarizability tensor of the material. The term |ê s .R.ê i | 2 is called the Raman activity which is calculated from the change of polarizability. For a backscattering experimental geometry, if orientational averaging is considered, the Raman activity is represented in terms of Raman invariants given by,
whereα s and β represent the isotropic and anisotropic parts of the derivative of polarizability tensor, respectively. Theα represents the derivative of polarizability with respect to a normal mode. In the representation of the activity in terms of the variables, the activity is invariant under the orientation of sample. Finally, using the forms of isotropic and anisotropic polarizability derivative tensors, the Raman activity, R A , can be written as;
In fact, every Raman active phonon mode has a finite scattering intensity which is measured in experiments. The term Raman activity, R A , is directly related to the intensity through the following formula;
where I 0 is the intensity of incoming light, λ is its wavelength, and R A is the Raman activity.
In the rest of the present study, Raman activities are discussed instead of intensities since the Raman activity is independent of the wavelength and the intensity of incoming light and it is given in terms of Raman invariants (see Eq. 5).
A. Mono-Atomic Single-Layer Crystals
Monoatomic single-layers of graphene, silicene, and germanene have hexagonal crystal structures. Due to sp 2 hybridization of C atoms in graphene, its structure is planar and belongs to P6/mmm space group symmetry. On the other hand, sp 3 hybridization in silicene and germanene results in a buckled geometry (see Fig. 1(a) ). respectively.
Graphene, silicene, and germanene exhibit 6 phonon branches that consist of 3 acoustical and 3 optical branches (see Fig. 2 (a)). One of the optical phonon modes represents out-ofplane vibrational motion of the atoms and named as A-peak phonon mode. The other two optical modes have in-plane vibrational characteristic and known as the G-peak in graphene and E-peak in silicene and germanene. G-and E-peak are doubly degenerate at the Γ due to in-plane isotropy of the crystals.
In the case of graphene, the frequency of A-peak is 872.8 cm −1 and it is Raman inactive due to the planar crystal structure. On the other hand, G-peak is a characteristic Raman active mode in graphene and its frequency is 1555.0 cm −1 . When an in-plane biaxial strain is applied to the crystal, a significant phonon softening (hardening) occurs under tensile (compressive) strain cases which is expected due to positive mode Gruneissen parameter (see Table II ). As shown in Fig. 3(a) , the frequency of G-peak softens to 1441.8 cm −1 at 2% of tensile strain while it hardens to 1675.1 cm −1 at 2% of compressive strain. The variation of Raman activity of G-peak is also shown in Fig. 3 (a). It is seen that as the structure is biaxially stretched, the dipole between oppositely vibrating atoms gets larger, the polarizability increases, and hence the Raman activity increases. Contrarily, when the structure is compressed, the length of the dipole gets smaller and the Raman activity decreases.
The frequency of A-peak is 193.8 cm −1 for silicene and due to the buckled structure Apeak is found to be Raman active. The E-peak frequency is found at 559.6 cm −1 and is known to be another Raman active mode in silicene. Experimentally, E-peak is much more prominent than the A-peak due to its much higher Raman activity. The Raman activity of Epeak is 10 5 times of that of the A-peak. As shown in Fig. 3(b) , when biaxial strain is applied, both peaks soften (harden) under tensile (compressive) strain cases. However, the response of Raman activities of A-and E-peak is opposite. As the structure is stretched, the length of dipole in A-peak gets smaller while it gets larger in E-peak. Thus, the polarizability hence the Raman activity of A-peak decreases while the it increases for E-peak. The situation is reversed in the compressive strain case as shown in Fig. 3(b) . The important point is that the Raman activity of A-peak may disappear under high tensile strain values (>2%) as the buckling of the structure decreases.
For the germanene, the peak position of A-peak is at 172.2 cm −1 . Since germanene is a softer material than silicene, the peak frequency of A-peak is smaller. As in the case of silicene, A-peak is Raman active for germanene due to the sp 3 hybridization of Ge atoms. The frequency of E-peak is 296.8 cm −1 which is also much smaller than that of in silicene. Both peaks display the same behavior for peak frequencies and corresponding Raman activities as in the case of silicene. As shown in Fig. 3(c) , the E-peak displays a phonon softening to 279.4 cm −1 at 2% of tensile strain while it displays a phonon hardening to 312.2 cm −1 at 2% of compressive strain. In addition, the Raman activity of A-peak decreases and disappears at 2% of tensile strain.
Each monoatomic single-layer displays different responses to applied strain. The difference in the slope of the curves in Fig. 5 (a) occurs due to different mode Gruneissen parameter(γ) of G-and E-peak in each material. The γ values are given in Table II and graphene has the largest γ value which is a result of strong C-C bonds in the crystal. As shown in Fig. 5(b) , the amount of change of Raman activities are also different for each single-layer crystal. Stiff materials, with strong interatomic bonds, charges are uniformly distributed between the atoms and they are not localized in any region even at relatively high strains. Therefore, the change of dielectric constant hence the change of Raman activity is linear. However, in the case of silicene and germanene the charge is localized between the atoms and thus, as the strain is increased the Raman activity displays a nonlinear change (see Fig. 5(b) ).
B. Diatomic Single-Layer Crystals
Similar to the crystal structure of graphene, diatomic single-layers of group-III Nitrides (h-BN, h-AlN, and h-GaN) have planar, one-atom-thick structure as shown in Fig. 1(b) .
The crystal structures belong to space group of P 6 3 /mmc. Single-layers of the group-III Nitrides exhibit 6 phonon branches (see Fig. 2(b) ). In addition to the A-peak, the doubly degenerate in-plane phonon mode, E 2g , are the optical phonon modes of the single-layers.
The A-peak is Raman inactive mode for the group-III Nitrides while E 2g is the prominent peak.
The frequency of A-peak is 800.9 cm −1 for h-BN while the frequency of E 2g is found at 1343.4 cm −1 . Due to the occupied in-plane orbitals in the crystal, the frequency of E 2g is much greater than that of A-peak. Under biaxial strain, the E 2g peak reveals a softening to 1235.5 cm −1 at 2% stretching and displays a hardening to 1457.7 cm −1 at 2% compression.
The Raman activity of the E 2g peak increases with increasing tensile strain while it decreases with increasing of the compressive strain as shown in Fig. 4(a) . As in the case of graphene, the change of Raman activity is also linear for h-BN due to the strong B-N bonds which preserves the charge distribution even at high strains. The response of Raman inactive A-peak to the applied strain is not discussed.
In the case of h-AlN, the frequency of the A-peak softens to 412.5 cm −1 since the stiffness is smaller than that of h-BN. The frequency of E 2g is 855.5 cm −1 which is also smaller than that of the h-BN due to the same reason. When the single-layer h-AlN is biaxially stretched, the peak position of E 2g softens to 779.4 cm −1 while it hardens to 936.9 cm −1 . In addition, the Raman activity displays the same trend as in the case of h-BN but the amount of change is different as shown in Fig. 5(b) . The atomic bond length is much larger in h-AlN than that of h-BN thus, increasing strain causes nonlinear change in the Raman activity of h-AlN because of the localized charge densities in the crystal.
The lowest frequencies of both A-peak and the E 2g mode are found for single-layer h-GaN since it is the most flexible material through all considered group-III Nitrides. The peak positions of the two modes are 263.6 and 721.6 cm −1 for A-peak and E 2g , respectively. The highest rate of change of peak frequency with respect to the unstrained frequency is found for h-GaN as given in Table II by the mode Gruneissen parameter.
As shown in Fig. 5(b) , the response of Raman activity of each material differs as the The vibrational motion of individual atoms in E 2g phonon mode is shown in the inset.
applied strain increases. As mentioned in the theory part, the Raman activity is a function of α 2 which depends on static dielectric constant, , and the is a function of square of charges on the atoms. Graphene and h-BN display linear response even at ±2% strain (see Fig. 5(b) ) due to the strong C-C and B-N bonds which preserve charge distribution in the crystal. As the in-plane stiffness decreases, the conservation of charge distribution is not possible with increasing strain value. Thus, silicene and germanene exhibit nonlinear response out of the strain range ±1%. Moreover, special to the case of h-GaN, the charges are initially localized on N atoms which indicates relatively weak Ga-N bonding in the crystal. Therefore, even at small strains, the Raman activity of h-GaN displays nonlinear responses. The single-layers of TMDs has a hexagonally packed crystal structure in which the sublayer of metal (M) atom is sandwiched between two sub-layers of chalcogen (X) atoms (see Fig. 1(d) ). Most of the single-layer TMDs crystallize in either 1H or 1T phases. Here, we consider single-layers of Mo-and W-dichalcogenides which have 1H crystal structure.
Single-layer crystals of the TMDs exhibit P6/m2 space group symmetry. MX 2 (M=Mo or W, X=S or Se) crystals exhibit 9 phonon branches 6 of which are optical phonon branches (see Fig. 2(c) ). The group theory analysis indicate that due to the D 3h symmetry group there are 5 Raman active modes. The in-plane optical phonon modes are known as the E and E which are both doubly degenerate and Raman active. Additionally, an out-of-plane optical mode, A 1 , is Raman active (see Fig. 6 ). Another out-of-plane optical mode, A 2 , is the only Raman inactive mode for the single-layer TMDs.
The E phonon mode is the lowest frequency optical mode which reveals only the vibration of the chalcogen atoms in opposite directions. The frequencies of E are 277.8, 162.5, 289.5, and 167.9 cm −1 for MoS 2 , MoSe 2 , WS 2 , and WSe 2 , respectively. Since the mass of Se atom is much larger than that of S atom, phonon modes soften in MSe 2 crystals. The Raman activity of E mode is much smaller than those of E and A 1 modes in each single-layer. In MS 2 crystals its Raman activity is in the order of 10 −4 while in MSe 2 structures the activity is in the order of 10 −3 . Thus, it is not a prominent Raman peak in the experiments.
The effect of uniaxial strain on the vibrational spectrum of single-layer MoS 2 was investigated by Doratoj et al. and due to the in-plane symmetry breaking in the crystal, the phonon-splitting was showed for the in-plane E mode which is a direct observation of induced strain in the structure. 70 In the present study, we try to show to detection of strain under the biaxial case. When the crystals are biaxially stretched, E displays phonon softening and demonstrates a phonon hardening under compressive strains as shown in Fig. 6 .
The corresponding mode Gruneissen parameters are given in Table III . Since the Raman activity of E is very small, it is still not prominent even at high tensile strains. Because of the insignificant changes in the Raman activity of E , other two prominent Raman peaks are discussed which may determine the strain in single-layer TMDs.
The E mode demonstrates the vibration of the transition metal atom in opposite direction to the chalcogen atoms. 75 The response of the frequency of E peak to the biaxial strain is discussed through the calculated mode Gruneissen parameter for each single-layer. As given in Table III of E to applied strain, the activity of A 1 increases when the structure is compressed which is a result of increasing dipole length between vibrating chalcogen atoms when structure is compressed in the in-plane directions.
Although, the Raman activity of both prominent peaks changes under biaxial strain, it is meaningful to discuss their relative ratios to identify the strain in the crystal. The ratios,
, in the unstrained structures are 5.35, 0.53, 8.32, and 1.37 for MoS 2 , MoSe 2 , WS 2 , and WSe 2 , respectively. Since A 1 and E demonstrate opposite responses to the biaxial strain, the ratio gets much higher when the structure in stretched. This is an important point for the identification of biaxial strain on the crystal. For the maximum compression (-2%) the ratios are, 0.87, 0.12, 1.11, and 0.26, respectively. Contrary to compressive strain, the values are enhanced under tensile strain case which is a strong indication of the stretched crystal.
In the case of MS 2 crystals,
increases to 574 and 204 for MoS 2 and WS 2 , respectively.
High values of the activity ratio can be clearly observed in a Raman experiment in which the samples are under tensile biaxial strain. Besides the perfect hexagonal lattice, there are also in-plane anisotropic single-layer crystals such as ReS 2 , ReSe 2 and bp. As shown in Fig. 1(e) , single-layers of ReS 2 and ReSe 2 have distorted 1T (1T ) crystal structure, which belongs to space group of P1. and thus, the activity decreases under tensile strain at a rate of 36% while it increases at a rate of 47% under compression.
In 
Black Phosphorus Single-Layer Crystal
Single-layer bp is a recently synthesized, in-plane anisotropic member of 2D single-layer family. It is known to posses remarkable in-plane anisotropic electrical, optical and phonon properties. [58] [59] [60] There are 4 P atoms in its rectangular primitive unit cell and its crystal structure belongs to Cmca space group.
Phonon-band structure of single-layer bp demonstrates that 12 phonon branches exist (see Fig. 2(d) ). According to the group theory analysis, it exhibits 6 Raman active phonon modes known as B 1g , B The reason is the vibrational characteristic of the modes. It is seen that the modes represent in-plane vibration of P atoms. Differing from B 2g , in B 1g and B 1 3g P atoms located at the same layer vibrate in the same direction. As the biaxial strain is applied, the thickness of the layer decreases but the out-of-plane symmetry of the vibrating atoms is mostly conserved.
Thus, both peak positions and Raman activities mostly remain unaffected by the applied strain.
IV. CONCLUSIONS
In this study, the first-order off-resonant Raman spectra of 2D single-layers of monoatomic (graphene, Si, and Ge), diatomic (h-BN, h-AlN, and h-GaN), in-plane isotropic TMDs (MoS 2 , MoSe 2 , WS 2 , and WSe 2 ), and in-plane anisotropic crystals (ReS 2 , ReSe 2 , and bp) and their strain-dependent behaviors were investigated by performing DFT-based calculations.
Our results well fit into the reported experimental results for the first-order off-resonant Raman activities. In addition, the effect of biaxial strain on Raman spectra of the singlelayer crystals was analyzed in terms of their peak frequencies and corresponding Raman activities. Our findings can be summarized as follows; (i) strain can be directly observed in Raman scattering experiments by the knowledge of the peak positions of Raman active phonon modes, (ii) the A-peak of the single-layer Si and Ge disappear under sufficient tensile strain, (iii) especially in mono and diatomic single-layers, the shift of the peak frequencies is stronger indication of the strain rather than the change in Raman activities, (iv) in the case of isotropic single-layer TMDs (MoS 2 , MoSe 2 , WS 2 , and WSe 2 ) the activity ratio of E to A 1 phonon mode,
, is a key for the determination of the induced strain since the ratio significantly increases when a tensile strain is applied while it decreases under compressive strain due to the opposite responses of the phonon modes, and (v) finally, a remarkable point for the anisotropic single-layers of ReX 2 is that there is no significant change in Raman activities under biaxial strain.
In general, it was confirmed by the calculations that to extract strain information in novel single-layer 2D crystals, peak positions of lattice vibrational modes and the corresponding Raman activities are useful.
